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FOREWORD

This report constitutes a portion of the final report documentation
under National Aercnautics and Space Administration Contrect NAST-377.
This and two companion reports (Refs. 1 & 2) present general engine
data derived from the study which are organized +to facilitate their
incorporation into concurrent and subsequent advanced systems studies.

Covered nere are the Class 2 Engines (two in number) studied in the
program's concluding phase. More complete study results relating to these
engine concepts, including such areas as subsystem design trade-off
studies and overall vehicle/mission analyses, are given in the main body
of the project report (Reference 3).

The present Volume is one of seven in the total published study documen-
tation. Its orientation in the report sequence is shown below:

Volume 1 Summary Report
Volume 2 Main Technical Report, Part 1
Volume 3 Main Technical Report, Part 2
Volume 4 Class O Fact Sheets, Part 1
Volume 5 Class O Fact Sheets, Part 2
Volume 6 Class 1 Engine Information
- Volume T Class 2 Engine Information
-1 =
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PREFACE

This report comprises a major portion of the technical results of the Class

2 study phase of National Aeronautics and Space Administration Contract
NAST-3T7, "A Study of Composite Propulsion Systems for Advanced Launch Vehicle
Applications”. This phase of the program was conducted under Task IV (of four)
of the contract work statement.

Composite cycle launch vehicle engines, as defined for this study, are single
integrated propulsion systems which are comprised of both rocket (liquid-
propellant) and airbreathing subsystems, e.g., primary bipropellant combustors,
inlets. To cdate this type of powerplant has received little systematic study
wherein common ground rules are employed to judge the possible merits of the
large number of candidate engines.

The potential advantages offered by the more attractive composite systems in
advanced (reusable) vehicles include the following points: high payload per-
formance (exceeds the advanced rocket, roughly equals the turbomachine-type
airbreather), high operational flexibility across the reusable-cycle mission
profile, ease of development in terms of the indicated major facility require-
ment for competing pure-airbreathing engines (composite engines can be seg-
mented to fit existing or planned ground test facilities which provide high
similated Mach number airflow capability).

It is the objective of the study to (1) appraise this potential for advanced,
reusable launch vehicle applications, and (2) provide technical guidance for
initiating possible research and development efforts directed toward the
ultimete creation of these systems. The study included considerztion of both
single and multistage vehicles, for earth-orbit payload delivery. The study
concentrated on launch vehicles in the 1,000,000 pound gross weight class
which operate on hydrogen/oxygen propellants. In general, the study was
directed toward propulsion system first availability in the period 1975-1985
and full mission-cycle propulsion requirements from lift-off to landing was
considered. The principal performance criteria for engine ranking purposes
was payload-in-orbit to gross weight ratio. Other criteria were, however,
brought into play as appropriate.

Marquardt, prime contractor, Rocketdyne and Lockheed were associated in this
analytical apd design studv effort. The study was extended over nine (9)
months with a final report (of which the present report is Volume 7 of
seven) submitted to distribution in February 1967.

UNCLASSIFIED
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INTRODUCTION

GENERAL

This report is the third in a series of three, which specifically present
engine information derived from the NASA-contracted study, "A Study of
Composite Propulsion Systems for Advanced Launch Vehicle Applications”
(NAST-3TT). The three reports (the other two are Refs. 1 and 2) are associ-
ated with the three chronological phases of the study and comprise varying
numbers of engine concepts and various degrees of technical penetration as

follows:
Report Associated Number of Technical
Order Study Fhase Engines Included Penetration
1 Class O 36 Overall System Analysis
(Ref. 1) only, performance on
three (3) reference tra-
Jectories based on
"jdeal" inlet, important
parameters "bracketed"
only
2 Class 1 12 Included subsystem con-
(Ref. 2) siderations, performance
- presented in map form,
based on realistic inlets,
conceptual designs made,
important engine variables
exercised parametrically
- 3 Class 2 2 Effect of varying subsys-
(This tem and component efficien-
Report) cies and operational points

assessed, performance maps
broadened and refined,
detailed conceptual designs
rendered based on vehicle-
stipulated sizing parameters,
approaches for structural
and thermal design and engine
control investigated.

To this end the present report presents detailed working information on two
(2) engine concepts taken from both the initial candidate listing of 36 con-
cepts reported in Ref. 1, and the twelve (12) engine types further treated
in Ref. 2.

The next section will briefly review the two engine concepts. Also the scope

and content of this report will be summarized prior to the two major engine-
oriented sections of the document.

. “UNCLASSIFIED
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BACKGROUND

Of the thirty-six (36) engines originally ordered within the Class O phase
study (Ref. 1), twelve (12) were selected for further study as Class 1 sys-
tems. These twelve (12) systems can be viewed as variations about a single
"parent” multimode composite engine concept; the afterburning cycle, air
sugmented rocket/ramjet system:

SELECTED CLASS 1 ENGINES
(12 SELECTED FROM 36 CAND IDATES)

—= NON AIR LIQUEFACTION SYSTEMS
(FOUR ENGINES)

AFTERBURNING CYCLE

AIR AUGMENTED ROCKET/—

RAMIJET PROPULSION
SYSTEMS

—e AIR LIQUEFACTION SYSTEMS
(EIGHT ENGINES)

The basic split shown is that of higher performance air liquefaction systems
versus the somewhat simpler non-air liquefaction systems which effects a
grouping of eight (8) and four (4), respectively. Both sub-families are
represented in previous engine types studied by The Merquardt Corporstion in
the guise of lightweight, efficient acceleration and cruise aircraft power-
plants. These are the Ejector Ramjet systems (non-air liquefaction) and the
RamLACE systems (air liquefaction). These "parent” engines are further des-
cribed in Ref. 2. Design and performance data for the twelve (12) Class 1
Engines, in essence, comprise Ref. 2.

S
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THE

SELECTED CLASS 2 ENGINES

The two engine concepts selected for the Class 2 studies were:

Supercharged Ejector Ramjet (SERJ - Engine No. 11)
SCRAMLACE (Engine No. 22)

With reference to the Class 1 Selection summary given above, it can be seen
that & continustion of theduality: non-liquefaction/liquefaction engines,
reflected in the Class 1 selection, was also carried forward into Class 2.
That is, both an air-liquefaction engine (No. 22) and a non-liquefaction
engine (No. 11) were further appraised. Each of these is clearly a better
performer in its category, where at the same time additional complexity,
e.g., recycled hydrogen, brought only modest galns in payload for the mlission
model used. The significant advantage of the Supercharged Ejector Ramjet
over the basic Ejector Ramjet was notable. This caused it to be chosen as

a Class 2 system despite the additional hardware implication of the fan sub-
system. The Class 2 Engines are summarily characterized in this table:

SELECTED CLASS 2 ENGINES

Supercharged Ejector Ramjet (SERJ, Engine No. 11)
Attractive Payload Potential with Minimum
Technology Uncertainties - Providing a
Nearer Term Availability

ScramLACE (Engine No. 22)
Maximum Payload Potential via the Combination
of Air Liquefaction and Supersonic Combustion
Ramjet Operating Modes, which are not fully
Developed Technologies

A -,
& FR e mry
T LN
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As can be inferred from this listing, the concept of having two packages

of varying technical risk 1s spparent in the engines selected. Engine 11,
does represent & significant improvement in potential over the baseline
rocket in @ concept that has little technical risk associated with it. On
the other hand, the Engine 22 represents & considerably higher payload gain.
However, two technological risk areas are apparent: (l) the air liquefaction
process and, (2) the SCRAMJET mode operation. These selected engines for the
Class 2 study are schematically shown and further discussed in the following

pages .
SUPERCEARGED EJECTOR RAMJET (SERJ - Engine No. 11)

The supercharged Ejector Ramjet schematically 1is shown here 8s 8 basic
Ej)ector Ramjet which has mounted before the mixing section & low to moderate
pressure ratio, thin profile low blockage fan subsystem. In concept, the
fan can be driven by either an airbreathing or & pipropellant g&s generator.
The fan acts to supercharge the basic cycle in the initial acceleration mode
thereby improving its specific impulse while reducing the rocket subsystem
sizing. Perhaps most important, it provides & mode of operation for low
speed flyback-to-base via a ducted fan mode with or without plenum burning.
(This would be asccomplished by relighting the afterburner at various degrees
of lean burning up to stoichiometric.)

SUPERCHARGED
EJECTOR RAMIJET - ENGINE NO. 11

FAN COMBUS TOR
INLET ,—-—‘-—-\' MIXER/DIFFUSER T———T— EXIT —-\

PRIMARY THRUST
CHAMBER ASSEMBLY

FUEL INJECTOR
ASSEMBLY

F TURBOPUMP ASSEMBLY
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This engine is capable of operating in four discrete modes: (1) supercharged
ejector mode, (2) fan ramjet mode, (3) subsonic combustion ramjet and (4) fan
only operation. The later operating mode is a low-thrust capability applicable
to the flyback and loiter aspect of the mission profile. The engine consists
of a single stage low pressure ratio fan capable of being retracted from the
main engine flow stream. Accompanying the tip turbine fan is a fan drive sub-
system consisting of a remote airbreathing gas generator, or small turbojet
engine. Following the fan, a primary rocket subsystem, mixer, diffuser, after-
burner, and variable geometry exit nozzle are included as in the basic ejector
ramjet engine.

For a typical mission profile the engine is initially operated in the super-
charged ejector mode wherein the fan operates at design speed. The stoichio-
metric primary rockets are operated at full thrust condition and the after-
burner operates stoichiometrically. At a flight condition in the approximate
vieinity of Mach 1 the primary system can be phased off, the engine continuing
in the fam ramjet mode (technically a high bypass ratio, full plenum burning
turbofan cycle). In the vicinity of Mach 2 plus, fan operation is stopped and
the fan is hinged forward and retracted from the flow stream. The engine con-
tinues in the subsonic combustion ramjet mode to the staging condition. Follow-
ing entry and cruise-back in the subsonic combustion ramjet mode, subsonic loiter
and landing is accomplished with fan only operation with little if any plenum
burning.

SCRAMLACE (Engine No. 22)

The SCRAMLACE is schematically represented as having inlet and exit configura-
tions which are compatible with the SCRAMJET mode operation. The heat exchanger
subsystem shown here in the engine flow passage will from practical considera-
tions be located external to the throughput area of the powerplant as will be
noted in the gonceptual design drawing provided herein.

SCRAMLACE - ENGINE NO. 22

MIXER/ ~COMBUSTOR

HEAT
{ INLET i EXCHANGER i‘D'FFUSER‘J\ ‘ EXIT—‘}

——r
%mﬁm \K;E}ﬁv THRUST
Uil

CHAMBER ASSEMBLY

FUEL INJECTOR
ASSEMBLY
VAN

~N
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This engine is capeble of three operating modes*: (1) liquid air cycle ejector
mode, (2) subsonic combustion ramjet and (3) supersonic combustion ramjet. The
engine consists of a primary rocket subsystem which operates on liquid hydrogen
and liquid air, with the liquid air being supplied from the air liquefaction
unit, consisting of a precooler and condenser. The refrigerant is the liquid
hydrogen total flow supplied to the engine. Following the primary rocket sec-
tion is the mixer, diffuser, efterburner and variable geometry exit nozzle.

Initial engine operation is in the ejector mode with full thrust operation of
the primary rockets at a stoichiometric condition. Air flow, nominally con-
stant, is controlled by hydrogen flow into the engine and the specific flight
conditions, non primary fuel being burned in the afterburner at a significantly
fuel rich condition. At an appropriate flight Mach number the primary rocket
subsystem is shut down and the air liquefaction unit is closed off from the in-
let diffuser. The engine continues to operate with stoichiometric combustion
in the afterburner as a subsonic combustion ramjet. At approximetely Mach 6
the engine transists into supersonic combustion ramjet operation by simultaneous
shifting of combustion forward into the region of primary rockets (the rockets
are not reignited) and full opening of the aft end of the engine to permit the
normal shock system to pass from the engine. Upon entry, flyback is nominally
accomplished in the subsonic ramjet mode with loiter and landing being achieved
in the liquid air cycle ejector phase operation.

It might be noted here that the geometric criteria for efficient mixing of fuel
in the SCRAMJET mode are approximately the same as those involved in the rocket/
air mixing phase for the ejector mode. This implies that the physical geometry
of the rocket structure might in fact be compatible with the SCRAMJET fuel in-
jection requirement. The presence of the primary rocket subsystem and its
supports, as well as the afterburner fuel injection struts (if these are not
retracted), will affect the supersonic flow stream and these must therefore be
designed with minimum streem shock losses as an objective.

N\

#* An inlet closed rocket vacuum mode 18 feasible for ScramlACE provided
vehicle supplied oxidizer (liquid oxygen, liquid air) is available.
This mode 18 schematically indicated in the ScramIACE section of the
present report.

——
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SCOPE AND CONTENT OF THE REPORT

As stated, this report includes a separate section for each of the two (2)
engine concepts described above. The original numerical coding assigned to
these engines as candidates (Class O Phase, Ref. 1) is retained for continuity,
the engine sections appearing here in numerical order.

The orientation of the engine data presented herein is toward direct user
processing for broad and diversified study activities. Performance, weight,
physical envelope characteristics, operating mode availability, and other in-
formation of this genre is arranged here in a manner intended to promote
effective assimilation of composite engine data by the reader. For this reason,
the documentation of interpretative results of the engine data, e.g. mission
application studies, is left in the main body of the report (Ref. 3). Similarly,
discussions bearing on the trade-off studies leading to selection of engine
design parameters, such as primary rocket chamber pressure, also remain in the
main report, since - per se - these may not be of immediate utility to a sys-
tems analyst striving to assess the applicability of composite engines to his
particular mission requirement.

Therefore, as appropriate, reference should also be made to the main body of
the Study's final report documentation (Ref. 3). There the bulk of the para-
metric analysis which, for example, explore the effect of the internal design
variables, is provided. Also the Study's vehicle integration and mission per-
formance work is represented in these volumes.

Each of the two engine sections to follow is divided into two parts: (1)
Engine Description, Physical Characteristics, and Performance, and (2) Engine
Sensitivity Analysis - Bases and Results.

In further detail, the topics included, in the order presented, are:

Engine Description, Physical Characteristics and Performance

1. Descriptive Text, Schematic, Operating Mode Block Diagrams

2. Detailed Conceptual Drawing (Includes Numerical Statement of
.Design Features)

3. Welght Statement
L. Operating Mode Schematic Diagrams
5. Propellant Flow Circuilt Description

6. Vehicle Installation Description

-
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7. Assumed Inlet Physical Characteristics and Pressure Recovery
Schedule

8. EJjector mode (or supercharged ejector mode) specific impulse,
thrust and airflow meps reflecting the effect of vehicle flight
speed and altitude. These maps are backed up by computer-gener-
ated tabular data.

9.* Fan-ramjet mode specific impulse and thrust maps.

10. Ramjet (subsonic combustion) specific impulse and thrust maps,
including the effect of inlet air precompression (flow field).

11 .**SCRAMJET (supersonic combustion) specific impulse and thrust
data, including the effect of inlet eir precompression (flow
field). This information is presented for three reference
trajectories which follow the performance curves.

12.* Fan (ducted) operation specific impulse and thrust maps, reflect-
ing the effect of varying degrees of plenum burning.

Sensitivity Analysis - Bases and Results

1. Reference Trajectories

2. Baseline 'Specific Impulse and Thrust (both net jet) Performance
Values derived on the reference trajectories

3. Range and Limiting Values of Sensitivity Parameters, Performance
and Weight

4. Perturbed Specific Impulse and Thrust - results for each sensitivity
parameter.

Preceding the individual engine sectionms, and immediately following this
section, a general reference section appears which includes:

l. Mach Number/Velocity Conversion Chart
2. Engine Station Nomenclature Diagram
3. General nomenclature and legends

4. List of references

* Engine No. 11 only
**Engine No. 22 only
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SUMMARY - GENERAL REFERENCE DATA

The purpose of this section as noted in the introduction is to provide tech-
pical information and general background material applicable to the two (2)
specific engine sections to follow. Each of the items to be provided in
this general section will be briefly discussed below.

Mach Number versus Flight Velocity Conversion Chart - Although the basic
engine performance information to be presented in this report is given gen-
erally on the basis of flight velocity (ft/sec, m/sec), much of the general
information as well as the intermediate data is most effectively and conven-
jently stated in terms of Mach number. A conversion plot is provided to
assist in approximate conversions of these two velocity terms. For more
precise computations the use of appropriate tables, however, is recommended.

Engine Station Designation and Nomenclature - An installed engine schematic

is presented reflecting a typical composite engine of the Class 2 series.

The several aerothermodynamically significant geometric stations employed

in the engine general description, as well as in the performance computations,
are called out in this figure.

Standard Efficiencies - The following listed efficiencies have been used as
baseline values for all engine performance computations:

Primary Rocket:
Combustion, 5%* = 0.975

Nozzle, Jn= 0.98

Mixer:
Mixing, 7 = 0.80

Afterburner or Combustor:
Combustion, 77c = 0.95

Exit:
Nozzle 11 n® 0.98

legends, Nomenclature, and References -~ Within the engine sections certain
diagrammatic conventions have been adopted and these are reflected in both
schematic and tabular form in this section of the report. Also a nomencla-
ture sheet is provided for all symbolic characters employed either in the
presentation of the engine information, or in the computations supporting

the performance provided. Finally a list of references is given at the end
of this section.

Ry
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FIGRRE1  FLIGHT VELOCITY - MACH NUMBER
U. S. STANDARD ATMOSPHERE, 1962
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FIGURE 2 INSTALLED ENGINE STATION NOMENCLATURE
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~
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=
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Ap (PRIMARY EXIT AREA)

FOR CONSTANT AREA MIXER A2+ Ap=A3
FOR CONSTANT AREA COMBUSTOR A3‘=A4

SHOCK

The basic flow processing situation in a representative composite engine
is schematized in this chart, which also provides the station nomenclature
used in the study. It will be note that both on the inlet and the exit
portions of the aerothermodynamic processes the favorable utilization
possibilities of the vehicle are assessed. The precompression of the in-
duced alr by the vehicle body (vehicle bow shock system) is fundamentally
important in providing high engine thrust performance, particularly in the
ramjet modes. At the same time, the possibility of expanding the exhaust
flow on the vehicle aft body is of fundamental importance, critically so
for the SCRAMJET mode.

-
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LEGEND - ENGINE SCHEMATIC

Inlet / Exit: Supersonic Combustion

inlet / Exit Subsonic Combustion (tncluding Sub/Super Conversion)
[ jo———INLET EXIT —ed
INLET Ex”_‘ —-‘ I—
/

\/\
— =

ST

/'\

_—
rd ~\
~
/ —

Precooler / Condenser 36 R H Precooler /| Condenser 25°R Hz

'l 2 '}
I (A p
NI =
g -
Ly Ly
HZ liquid air Hy liquid alr
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HITRATIS

LEGEND - ENGINE OPERATING MODE BLOCK DIAGRAM
Letter Symbols (Within Blocks)

I Inlet Subsystem .
HE  Heat Exchanger
F Fan Subsystem
R Rocket Subsystem
MC  Mixer/Combustor

MD  Mixer/Diffuser Mixer/Combustor/Exit Subsystem
C Combustor
E Exit
Letter Symbols (Fluids)
H Hydrogen
0 Oxygen
A Air
X Exhaust

Graphical Symbols

Functioning Unit

Non-functioning Unit

—  Fluid Flow Direction

.

:r-’ Fluid Flow Through a Non-functioning Unit
J Flow Mach Number )1

——
—{——  Flow Mach Number (1
AN

Flow Mach Number is both below and above 1
at changing flight speed conditions

UNCLASSIFIED
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NOMENCIATURE

Nomenclature used in this report is given below. The tabulated computer
printout informetion does not include subscripting as will be noted by the
repetition of certain parameter symbols. Refer to Figure 2 for engine flow
area station designations including the distinction made between A _and Ap
where a vehicle flow field is involved (where there is no flow field these
are identical).

AB - Afterburner

AL/A3 - Afterburner/Mixer Diffusion Ratio

A5 - Engine nozzle throat area, fte

A6 -  Engine nozzle exit area, ft2

Ag/As - Exit Nozzle Expansion Area Ratio

Ag/Ae -  Exit to Capture Area Ratio (SCRAMJET).

AHX - Inlet capture area for heat exchanger air flow, £t2

AO - Inlet capture area for secondary air flow, £t

AQT - Inlet capture area for total air flow, £t2

BL - Baseline

Cp> CF - Thrust boefficient based on inlet capture area

H2 - Secondary air static enthalpy at mixer entrance, Btu/lb
- HTO - Ambient Total Enthalpy, Btu/lb

Isps IS - Specific Impulse, lbs/lbp/sec (Net Jet)™

Mo, MO - Local Mach Number

M2 -  Mixer entranceMach number

NS - "Normal Shock™ inlet (Includes Normal Shock losses

plus an assumed 90% diffuser efficiency.)

o/F -  Oxidizer/fuel mass flow ratio

P2 - Secondary air statlic pressure at mixer entrance, Btu/lb

Pq - Primary chamber pressure, psia

FR¢ - Fan pressure ratio

PTQ: PT2 - Inlet recovered total pressure, psia

Pro/PTO - Inlet total pressure recovery

PTO - Ambient total pressure, psia

UNCLASSIFIED
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R -  Rocket Mode

Ref - Reference

S1S - Sea level, Static Conditions

SPC - Specific Fuel or propellant consumption, lbm/hr-lbf
T - Thrust, lbs (Net Jet)™

VE -  Exit velocity, ft/sec

Vo, VO -  local velocity, ft/sec

WFT - Total fuel or propellant flow rate, lbm/sec
WEX - Heat exchanger air flow rate, lbp/sec

Wp, WP -  Primary flow rate, lbp/sec

Wg/Wp, WSWP -  Secondary/primary flow ratio

Ws, WS - Secondary (WS + WHX), lb,/sec

WT - Total air flow

8 - Two dimensional wedge half angle, deg

ﬂc - Combustion efficiency based on enthalpy rise

mM ¥ - Characteristic velocity efficiency based on velocity, or thrust
"IKE - Inlet kinetic energy process efficiency

n M - Mixing Efficiency based on static pressure rise
1’N - Nozzle efficiency based on stream thrust

¢A.B - Combustor equivalence ratio

d’cond - Condenser equivalence ratio

4’&-,{ - Heat exchanger equivalence ratio

d’p, PHP - Primary rocket equivalence ratio

prec -  Precooler equivalence ratio

w
1
[¢]
-
d
5
]

Secondary equivalence ratio

* Net Jjet thrust and specific impulse includes air induction inlet

momentum penalty, but does not include extermal drag such as cowl,
induced, friction, or spillage drag

BNEIMSSIFED
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(URPORATION

SUPERCHARGED
EJECTOR RAMIET, NO. 11

The Supercharged Ejector Ramjet (Engine No. 11,
Class 2 Study Phase) is a 215,000 1lbf thrust
(sea level, static) engine with Mach 8 flight
speed capability. The propellants are liguid
hydrogen and ligquid oxygen and the engine
normally operates in four progressive modes:
(1) supercharged ejector mode, (2) fan ramjet
mode, (3) subsonic combustion ramjet mode and (4) fan operation mode.

£
Rie}

As displayed in this section, the engine has an overall length of 371 in.

(9.4 meters), an overall diameter of 1lL2.5 in. (3.62 meters) and a height maximum
of 165 in. (4.19 meters). The uninstalled engine weight is 11,940 1bm, yielding
a sea level thrust-to-weight ratio of 18.0.

The basic design specifiers for the engine are as follows: Design mass flow ratio
3.0 to 1, primary chamber pressure 1500 psla, fan pressure ratio 1.3, maximum
internal pressure 150 psia.

The engine features a single stage retractable tip-turbine fan powered by a twin
airbreathing gas generator installation. The fan bypass ratio is 10 to 1. The
primary rocket is a regeneratively cooled annular bell configuration featuring

a single toroidal combustion chamber fed by separate hydrogen and oxygen pumps.
The turbopump drive operates on the gas generator cycle using self-pumped propel-
lants. A third hydrogen pump provides fuel to the afterburner, during the super-
charged ejector mode, and thereafter feeds the ramjet combustor during high speed
operations. The afterburner fuel pump is also powered by a bi-propellant gas
generator utilizing self-pumped fuel and pressurized liquid oxygen provided frecm
the vehicle.

The basic engine structural components (mixer, diffuser, afterburner and exit
nozzle) consist of regeneratively cooled assemblies employing a ring-stiffened
Rene' 41 wire-wrapped, brazed regenerative Hastelloy X tube bundle ccnstruction.
Within the mixer is an ®longated centerbody which structurally connects a fixed
aft plug with the forward thrust ring. The center body and piug assembly is sup-
ported by a multiplicity of radial low drag fuel injector struts commencing at
the afterburner station. Variable exit geometry 1is accomplished by means of a
translating ring operating continuously to provide two coaxial flow expansion
compartments between the outer exit bell and thé fixed plug. This dual throat
design provides s minimum weight, single moving part design and provides high
nozzle performance.

The engine was sized for & 1 million lbm gross weight, horizontal takeoff, two-
stage launch vehicle. The engine was located in a complement of five (5) along the
bottom side of a high fineness ratio, low drag, lifting bedy boost stage. Air in-
ducticn considerations for this installation consisted of a moving ramp, two-
dimensiocnal variable inlet with mixed external and internal compression. The inlet
capture plane was located to make full use of body flow-field affects at speeds in
excess of Mach 3. Exit gas expansion is considered to take place solely within the
exit bell of the engine.




Report 25,194
Volume 7

marqua,df VAN NUYS. CALIFORNIA Page 19

’ Eng. No. 1l

Engine Operating Schematic

AN COMB
jo———|INLET if i MlXER/DIFFUSER 0 Ust xrr
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*Note: Mode numerical coding is given on Page 18, first paragraph,
"R" indicates optionel all-rocket mode.
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Eng. No. 1l
WEIGHT STATEMENT - ENGINE NO. 11
Fan Subsystem 4169 1bm
Fan Assembly 1258  (3L4.9%)
Gas Generators 1120
Frame and Trunnion Unit T30
Compartment Structure 360
Cover 210
Actuastor 115
Transition Section 306
Miscellaneous (5%) T0
Primary Rocket Subsystem 2028
Rocket Chamber Assembly Lk (17.0%)
Support Structure 927
Turbopumps 316
Gas Generator 127
Ducting and Valves 88
Starting System 126
Mixer/Diffuser/Afterburner 2992
Mixer 1057 (25.1%)
Diffuser 54O
Fuel Injection Unit 635
Combustor 315
Forward Centerbody 300
Turbopump and Miscellaneous 1iks
Exit Nozzle Subsystem 2Llé
Exit Bell 523 (20.5%)
Translating Ring Assembly 973
Fixed Plug T3k
Actuator Unit 100
Miscellaneous 116
Controls, Lines 305
Control Assemblies 80 (2.5%)
Valves and Lines 225

Total Weight, Dry
(Thrust = 215,000 1bf)

Thrust/Weight, Uninstalled

11,940 1bm (5416 kg)

18.0
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SUPERCHARGED EJECTOR RAMIJET (ENGINE NO. 11)

PROGRESSIVE OPERATING MODES
(PUMPING, COOLING AND CONTROL CIRCUITS NOT SHOWN)

(@]
1S}

|

SUPERCHARGED EJECTOR MODE

FAN RAMJET MODE

R-22,137
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LURFURATION

SUPERCHARGED EJECTOR RAMUJET (ENGINE NO. 11)

PROGRESSIVE OPERATING MODES
(PUMPING, COOLING AND CONTROL CIRCUITS NOT SHOWN)

RAMJET MODE

FAN OPERATION MODE

R-22,138
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Eng. No. 11

BASIC PROPELIANT CIRCUIT
SERJ, ENGINE NO. 1l

The propellant circuits for Engine No. 11 including the pumping, cooling
end primary control elements are displayed on the facing figure. The
engine is supplied hydrogen and oxygen as shown. The geirbreathing gas
generator, which is aserodynamically coupled to the tip turbine single
stage fan, receives fuel and is controlled for meximum specific horse-
power output.

The three pump units are directly shafted units requiring no gearing.

One gas generator, operating on tapped propellants, is utilized to drive
the primary rocket fuel and oxidizer pump (bottom of figure) to supply
the combustion chamber operating at 1500 psia. A second bipropellant

gas generator drives the afterburner fuel pump which provides hydrogen
at ar output pressure of 1000 psia. For the ramjet mode it is required
that auxiliary stored oxidizer be provided to the turbopump gas generator
since oxygen itself is not being pumped in this mode. The primary
rockets are fed through main propellant valves operating in either open
or closed positions. Starting of the primary rocket is accomplished by
turbine blow down from & separate high pressure gaseocus hydrogen supply
(not shown). The turbopump exhaust products, being considerably fuel
rich, are conducted into the afterburner of the engine where the excess
fuel is combusted with the induced air. This minimizes the turbopump
drive penalty during the ejector mode. Likewise, the ramjet pump turbine
exhaust is injected into the ramjet combustor. The turbine is therefore
designed for back pressures commensurate with sonic exhaust flow at the
full combustor pressure of 150 psia to preclude back pressure coupling
effects. :

The coolant passages consist of two parallel flow circuits to the outer
jacket and to the inner centerbody/plug/nozzle assembly. The outer

engine wall is cooled in two passes first forward and then aft in order

to cool the exit nozzle with warmed hydrogen. The inner cooling circuit
progressively cools the forward centerbody, translating ring and fixed
plug. All coolant flow is injected into the afterburner via the self-
cooled fuel injection struts. Also, the primary rocket external structure
is cooled by regenerative structure during the high speed ramjet mode.
During fan only operation, with little or no plenum burning the engine

1s essentially uncooled. For full stoichiometric afterburning (fan ramjet
mode), regenerative cooling of the aft section of the engine is required.
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OPERATING MODE CONTROL SYSTEM

(BLOCK DIAGRAM)

EJECTOR MQDE (NO. 1)
—— = — FAN RAMJET MODE (NO. 2)
e = = == RAMJET MODE (NO. 3)

r--—--—— COMBUSTOR/
1
|
- —— ~-— FAN OPERATION MODE (NO. 4) |
i
|
J

— AFTERBURNER
—+—4®] CONTROL SYSTEM

PRIMARY ROCKET
CONTROL SYSTEM

- 1

OPERATING CONTROL = ' =% EXIT NOZZLE
MODE —= LOOP - CONTROL
INPUT SIGNAL SELECTOR -— '— _ SYSTEM
|
R —_— AIRBREATHING
L GAS GENERATOR

CONTROL SYSTEM

Engine control is based on manual and/or automatic selection of aperating modes
via four active control loops as will be described. The fan subsystem is

controlled to operate at design rpm with protection of both the fan tip-
turbine and the basic gas generator from turbine over-temperature. Retraction
of the fan is effected at mode shift from the fan ramjet to subsonic combus-
tion ramjet mode. The primary rocket is scheduled (pre-orificed) to operate
at design chamber pressure and design oxidizer-to-fuel ratio (8.0 to 1).

The afterburner/combustor controller is designed for operation at an equiva-
lence ratio of 1, providing maximum thrust consistent with good performance.
The variable exit nozzle is controlled initially to provide a maximization
of the product of fan pressure ratio and air mass flow (approximately).

Once supersonic flight is reached the variable exit is translated to locate
the inlet nozzle shock at the throat of the inlet. The exit also operates
in an override loop to limit combustor pressure or inlet diffuser pressure
to the maximum design condition of 150 psia.

S
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Eng. No. 11
COMBUSTOR/AFTERBURNER FUEL CONTROL SYSTEM
¢ INPUT
l REQ'D
FUEL FUEL
Bl e o e e e e
ACTUAL
FUEL
FLOW
RATE FUEL
FLOW p—
SENSCR

The combustor/afterburner fuel control system is a closed loop control system which senses
the air flow rate through the engine and mcdulates the fuel flow rate to meintain a
required fuel air ratio (¢). A signal proportional to air flow is applied at the
equivalence computer which generates a command for the required fuel flow rate. This
signal is compared against a fuel flow rate feedback signal generating an error signal

which is applied at the fuel controller. The fuel controller modulates the fuel flow to
null the error.

ROCKET FEED CONTROL SYSTEM

STARTER |Gas COMBUSTION | THROAT
— Eindedundebegielulndl
GENERATOR [ TURBINE —®1 PUMP CHAMBER
METERING

ORIFICE

The rocket feed control system is a fixed point control system. A positive feedback
from the pump which is controlled by a metering orifice is supplied to the gas
gererator to drive the turbine and pump assembly until the available power is equal to
the required power which is the design condition {full chamber pressure). An external
power source (gas blowdown) is introduced to start the operation of the system.
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EXIT NOZZLE CONTROL SYSTEM
AEROTHERMO-
DYNAMIC =
FEEDBACK
REF. T4~ SHOCK
. POSITION ACTUATION EXIT
o  ——
SENSOR & SYSTEM "1 NOZZLE
COMPUTER
DUCT
FLOW
PEAK RATE
HOLDING | FLOW | gEROTHERMO- __J
CONTROLLER SENSOR YNAMICS
FAN
PRESSURE
RATIO

The exit nozzle control system performs two functions, i.e., positions the inlet

shock at its optimum location and maximizes the combination of fan pressure ratic and
duct flow rate by modulating the throat area of the exit nozzle. A pressure signal
indicative of the position of the inlet normal shock is compared against an actual
feedback signal generating an error which is applied at the actuation system to null
the error. The actuation system receives another signal from the peak holding control-
ler to maximize the combination of duct flow and fan pressure ratic. The actuaticn
system will be designed with the capabilities of selecting the correct signal in the
event there is a conflict between the two commands.
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AIRBREATHING GAS GENERATOR CONTROL SYSTEM

TEMP. |g
SENSOR
REF.
FUEL GAS RPM
& SUPPLY et & FAN
CONTROLLER GENERATOR

rate to the airbreathing gas generator.

The reference speed is compared azal
the actual speed (feedback), generating an error which is fed to the fuel s

LA S«

controller to mcdulate fuel flow to the gas generator. This, in turn, cocnt
the fan speed until the error is nulled. A temperature override loop is Incluiced

to limit the temperature of products of combustion from the gas generator ardc
the fan tip-turbine.
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VEHICLE DESIGN - SERJ, ENGINE NO. 11

This figure shows the final Class 2 vehicle design utilizing super-

charged Ejector Ramjet engines. This 1.0 million pound gross weight
1ifting body vehicle was determined to be substantially superior in

performance to the other vehicle types considered.

The 1lifting body shown features high slenderness ratio, elimination of
the second stage base drag through submergence, end attainment of
stabilizing surface at low unit weight. For the SERJ installation the
aft vehicle extension contains no propellents but provides for
increased slenderness ratio. This SERJ Mach 8 vehicle has a complement
of five 215,000-1b SLS thrust engines (1.075 T/W), with e capture ared
of 350 ft2, integrated beneath the fuselage. The second-stage gross
weight is 4U45,054 pounds for Mach 8 first stage cut-off conditions.

The lifting-body configuration employs & modified conical fuselage
where the forebody 1s & blunted cone with a depth-to-width ratio of
0.4 at eny stetion. Maximum cross section of the fuselage is at 73
percent of the body length, as measured from the virtual nose (apex).
The fuselage nose radius is one foot, and the body planform area is
13,612 ft°.

The horizontal stabilizer has a leading edge sweep of 65 degrees,

and an area of 2612 £t2. The airfoil section is double wedge, with

g two-inch leading edge radius. The movable horizontal control sur-
faces comprise 2000 £t2. The horizontal control surface rotates against
the vertical stabilizer with forwerd extending dorsal fins, to alleviate
+the thermal problem associated with the sharp edges of the control sur-
face under high-speed deflected conditions.

P

The twin vertical stabilizers have & total exposed area of 1200 ft2,
with a leading edge radius of two inches. No toe-in is provided for

the verticals, rather, a concept of utilizing small outward rudder
deflections to load the surfaces during hypersonic operation where

the control surface lift curve slope is zero at zero deflection is
proposed, in order to maintain minimum vehicle drag. All panel surfaces
have a thickness ratio of 5 percent.
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SUMMARY: SENSITIVITY ANALYSIS - BASES

The performance data shown in the present report, as well as in the
Class O and 1 engine documentation (References 1 and 2), was computed
on the basis of a singular set of internal component efficiencies, as
well as stated operating points (e.g., design mass flow ratio, ws/w ).
Component sensitivity studies were conducted as a major effort within
the Class 2 study phase. The bases for the analysis are given here,
followed immediately by the results.

The approach used was to define baseline performance, specific impulse
and thrust (both net jet), for a reference trajectory. This was
accomplished for each of the engine's operating modes over the normal
range of flight velocities for that mode. It is appropriate here, to
comment to the point that sensitivity studies of trajectory effects,
per se, are already intrinsic in the previously displayed performance
maps.

Proceeding from this basis of specific impulse and thrust discrete
trends, each of the important engine varlables was perturbed from the
baseline value, e.g., afterburner combustion efficiency: Baseline

value - 0.99, sensitivity excursicns - 0.85 and 1.00. All of the remain-
ing variables were essentially held at the baseline, or nominal value.
Any exception to this resulted from the engine performance computer
program's automatic compensation characteristics which, in some instances
"retunes" some of the engine internal variables. The extent and impli-
cations of this situation are covered in the main technical report
(Reference 3).

This section presents the following bases for the sensitivity analysis
results to be given subsequently:

1. Reference trajectories
2. Baseline specific impulse (on reference trajectory)
3. Baseline thrust (on reference trajectory)

L. Ranges of sensitivity variables, with reference to the baseline
values (both curve and tabular presentation)
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SENSITIVITY ANALYSIS RANGES
Ejector Mode: ??rsxg-l Range
Inlet - Pressure recovery, PtE/PtO Figure A
Fan - Pressure ratio, PRy 1.30 1.50 1.10
Primary
Equivalence ratio, d’ 1.00 1.10 0.90
Combustion efficiency, " . * 0.975 1.00 0.92
Nozzle efficiency, My 0.98 1.00 0.95
Mixer - Mixing efficiency, 7 y 0.8 1.00 0.50
Afterburner
Equivalence ratio, ¢ pp 1.00 1.50 0.50
Combustion efficiency, 9, 0.95 1.00 0.85
Exit
Nozzle efficiency, M N 0.98 1.00 0.95
Exit area ratio, Ag/As Figure B
Fan Ramjet Mode:
Inlet - Pressure recovery, Ptz/Pto Figure A
Fan - Pressure ratio, PRy 1.30 1.50 1.10
Afterburner
Equivalence ratioc, d) AB 1.00 1.50 0.50
Combustion efficiency, M . 0.95 1.00 0.85
Exit
Nozzle efficiency, M 0.98 1.00 0.95
Exit area ratio, A6/A5 Figure C
Subsconic Combustion Ramjet:
Inlet - Pressure recovery, PtE/Pto Figure A
Combustor
Equivalence ratio, @ 1.00 1.50 0.50
Combustion efficiency, M . 0.95 1.00 0.85
Exit
Nozzle efficiency, 7 N 0.98 1.00 0.95
Exit area ratio, Ag/As Figure D
Fan Operation:
TInlet - Pressure recovery, Ptz/Pto 1.00 0.95 0.90
Fan - Pressure ratio, PRf 1.30 1.50 1.10
Afterburner - Combustion efficiency, 7 o 0.95 1.00 0.85
Exit - Nozzle Efficiency,m _ _ 0.98 1.00 0.95
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SENSITIVITY ANALYSIS - RESULTS

For the reference conditions stated in the previous section, resulting
specific impulse and thrust perturbations are presented here. Performance
is normalized to the baseline trends given over the appropriate flight
velocity ranges.

The specific impulse and thrust data are both displayed on individual sheets
for each sensitivity variable. On the same sheet, a miniature plot of the
absolute specific impulse and thrust baseline characteristic is shown for
nominal reference purposes. For precise readings, the full-sized curve
appearing previously (its page number is indicated) should be referred to.

The section concludes with a plot reflecting subsystem weight variations
on uninstalled engine thrust/weight ratio.
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SCRAMLACE, NO. 22

The ScramlACE powerplant (Engine No. 22, Class 2

Study Phase) is a 173,000 1bf thrust (sea level

static) engine with Mach 12 flight speed capabil-

ity. The fuel is liquid hydrogen, with an auxil- -
iary supply of liquid oxygen required for gas

generator drive purposes. The engine normally

operates in three progressive modes: (1) liquid air cycle ejector mode, (2) sub-
sonic combustion ramjet mode and (3) supersonic combustion ramjet mode. Primarily
because of SCRAMJET considerations, the engine has been packaged in a two dimen-
sional configuration. The uninstalled engine weighs 10,457 1bm, providing a sea
level static thrust/weight ratio of 16.5.

The basic design specifiers are: Design mass flow ratio 1.5 to 1, primary chamber
pressure 1000 psia, meximum internal pressure 100 psia, and an air liquefaction
heat exchanger equivalence ratio of 8 to 1. The overall length of the uninstalled
engine is 300 in. (7.65 meters), the width is 142 in. (3.6 meters). The overall
height is 102.5 in. (2.6 meters).

The engine comprises a light-weight air liquefaction heat exchanger assembly con-
sisting of a precooler and condenser unit ducted together in a low pressure shell
constructed of reinforced plastic. All pumps are driven by bi-propellant gas
generators. The heat exchanger assembly is capable of being closed during the
high speed modes.

The primary rocket assembly consists of eleven (1l) regeneratively cooled vertical
two-dimensional linear bell rocket strips. These units act, also, as mechanical
supports for the supersonic combustion ramjet fuel injectors. Aft of the rectangu-
lar mixing section and diffuser is another series of cooled vertical struts which
inject the afterburner and subsonic burning ramjet mode fuel.

Exit throat area control is effected by four vertically hinged cooled exit panels

which close from the engine walls and a center structure. This throat variability
is consistent with ramjet (subsonic combustion) and ejector mode performance cited
herein. TFor supersonic combustion the panels are faired in line providing minimum

drag losses.

All internal engine surfaces are regeneratively cooled during all modes of engine
operation. The basic panel structure of the engine consists of light weight com-
posite structure consisting of a thin-gage, multiple wall internal surface ccoled
by double passed hydrogen, supported through a bonded compliant layer of elastro-
meric ccmpound by an externally insulated berrylium honeycomb structure.

The engine was sized for a 1 millicn 1bm gross weight horizontal takeoff two-stage
launch vehicle. The engine was utilized in a complement of six (6) units mounted
along the bottom side of a high fineness ratio, low drag lifting body design. The
inlet comprised a two-dimensional moving ramp, variable geometry, mixed external
and internal compression unit. Exit gases are considered to be further expanded
during the high speed flight modes against the underside of the vehicle in orcer

to maximize supersonic combustion ramjet performance.
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Engine Operating Schematic
MIXER/ COMBUSTOR
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Engine Operating Mode Block Diagrams
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*Note: Mode numerical coding ié given on Page 105,
"R" denotes optional all-rocket mode.
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WEIGHT STATEMENT - ENGINE NO. 22
Air Liquefaction Subsystem 3561 1lbm
Precooler Core 526 (34.1%)
Condenser Core Lés
Forward Shell 250
Center Shell 28k
Aft Shell ' 130
Sump 100
- Boost Pump, Ducting 307
Catalyst (para/ortho) 969
Closure and Transition 530
Primary Rocket Subsystem 2334
Rocket Chamber Assembly - 588 (22.3%)
Support Structure 1089
Turbopumps 28L
Gas Generator Unit 149
Ducting and Valves 76
Starting System 148
Mixer/Diffuser/Afterburner Subsystem 2252
Mixer 605 (21.5%)
Diffuser 585
Fuel Injection Unit 460
Combusticn Chamber 495
Miscellaneous 107
Exit Nozzle Subsystem 2045
Moving Plate Exit Nozzle 1185  (19.6%)
Actuation Assembly 2ho
Exit Nozzle 540
Miscellanous (5%) 80
Controls, Lines 265
Control Assemblies 80 (2.5%)
Valves and Lines 185
Total Weight, Dry 10,457 1bm (4743 xg)

(Thrust = 173,000 1bf)

Thrust/Weight, Uninstalled 16.5
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SCRAMLACE (ENGINE NO. 22)

PROGRESSIVE OPERATING MODES

(PUMPING, COOLING AND CONTROL CIRCUITS NOT SHOWN)

EJECTOR MODE

SUBSONIC COMBUSTION RAMJET MODE
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SCRAMLACE (ENGINE NO. 22)

PROGRESSIVE OPERATING MODES
(PUMPING, COOLING AND CONTROL CIRCUITS NOT SHOWN)

SUPERSONIC COMBUSTION RAMJET MODE
~. CR L-AIR

ROCKET VACUUM MODE

R-22, 140
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BASIC PROPELLANT CIRCUIT
SCRAMIACE, ENGINE NO. 22

The prOpellant flov circuit jncluding pumps and primary controls
is reflected in the adjoining figure. The circuits shown &re
essentially for hydrogen fuel, the exception pveing the 1ine from
the 1iquid alr condenser tprough the 1iquid air pump and to the
primary rocket unit and the 1iquid oxygen auxilisry suppLy - The
several valve junctures shown in the propellant circultry are O
accomodate bypass of fuel as appropriate for the individual
operating modes.

Three +turbopwIp assemblies agre Shown; one for 1iquid air, the
remaining two for 1iquid hydrogen- Fach pwmp is directly con-
nected 0 jts drive turbine.These are driven oy bipropellant ges
generators &s ghown. The 1ower set of pumps (figure) operates t°
provide propellants to the primary rocket and &8re driven by &
common £38 generator. The exnaust products of the g88 generator are
injected ipto the afterburner for further combustion of the fuel
rich gases: A single ges generator is associated with the remjeb
fuel pump which operates during the high Speed modes following
primery rocket shutdovwn. Fuel for the g8s generators is self-
pumped, with an guxiliery supply providing the oxidizer as showh:.

All nydrogen once pumped to pressure passes through the condenser
and the pre-cooler of the air liquefaction unit (in that order)
pricr toO any other routing- A high pressure circuit of the order

of 2000 psia conducts fuel tnrough the heat exchangeTl end to the
primery rocket assembly - Liquid air taken from the condenser is
first pumped by an in-sump poost PUIP from which 1t goes to the
guction connection of the nigh pressure 1liquid ajir pump- The pumped
out 1igquid air is routed airectly to the primary rocket chamber .
significantly nigher fiow of nydrogen is applied to the lower pressure
circuit (1000 psia) which, after passing through tne heet exchanger,
is used for regenerative cooling of the entire engine. For the jover

verticel fuel jpjection strips ip the afterburner region. For SUper-
sonic combustion ramjet mode operation, the fuel is routed forwerd to
tphe region of the primery rocket assembly where fuel jpjection takes
place in the supersonic air streem. This chift 1is effected in order to
accomplish combustion st the maximun contraction point in the engine-
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THE

OPERATING
MODE
INPUT
SIGNAL

== — RAMJET MODE (NO. 2)

== = SCRAMJET MODE (NO. 3)

The engine is controlled by manual and/or
selection with several active control loops being used.

ORMORATHON

r*
, arquardf
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OPERATING MODE CONTROL SYSTEM

(BLOCK DIAGRAM)

——

CONTROL
LOOP

SEIECTOR

LIQUID AIR
LEVEL
CONTROL
SYSTEM

I
|
¥

NORMAL
SHOCK
POSITION
CONTROL
SYSTEM

’L""""'1

EJECTOR MODE (NO. 1)

ROCKET
FEED
CONTROL
SYSTEM

EXIT
NOZZLE
CONTROL
SYSTEM

!

h

FUEL
CONTROL
SYSTEM

automatic inputs for mode
Primary rocket

Eng. No. 22

control is based on a scheduled or pre-orificed system and has no active
control as such.

of 1000 psia and an air

It is set to operate the system at a chambe
/fuel ratio of 34 to 1 (stoichiometric). An active
This is accomplished by propor-

loop controls the liquid air

tional control of total hydro
the air liquefaction rate.

sump level.

r pressure

gen heat exchanger flow since this controls

all of the excess hydrogen from

During subsonic and super
establishes a nominal equivalence rati
is accomplished by air an
The variable exit acccmp
ight speeds.

contrecl.

throat during supersonic 1
ride loop to limit combuster pressure

100 psia.

d fuel mass f

During the ejector mode the a
the heat exchanger (fuel rich condition
an active control
This

sonic combustion, ramjet mode,
o of stoichiometric burning.
low sensing and consequent fuel
lishes normal shock location in the inlet
The exit also operates in an over-
to the maximum design pressure of

fterburner handles

).
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LIQUID AIR LEVEL CONTROL SYSTEM
REF. FLOW L. AIR
LEVEL VALVE RPM RATE |HEAT | LEVEL
' COMB, (=i TURB INE p———o PUMP p————={ EXCH.
ASS'Y, SYST.

The liquid air level control system maintains the required liquid air level in the heat
exchanger sump by controlling the flow of total liquid hydrogen through the heat
exchanger, hence to the engine. The error signal which 1s generated by the difference
between the required and actual level is employed to modulate the output of the gas
generator controlling the speed of the turbine and pump. This results in flow modu-

tion of liguid hydrogen through the heat exchanger to null the error, i.e., to adjust
the air liquefaction rate to that being fed to the primary rocket.

NORMAL SHOCK POSITION CONTROL SYSTEM
(EXIT NOZZLE MODULATION)

REF. COMPUTING || AcTUATION| EXIT

NETWORK ASSEMBLY NOZZLE

AEROTHERMODYNAMICS
FEEDBACK

The normal shock position control system modulates the exit nozzle to position the
normal shock in a predetermined optimum location, normally the inlet throat. Pressure
signals indicative of the actual position of the shock are compared against a reference
signal and the error is fed to & computing network which generates the required signal
to the actuation system to null the error. The loop is closed by the aerothermodynamic
feedback on the engine internal air flow.



e TN RIS ' Report 25,194

m————— Volume 7
%r lg’g"cgf VAW NUYS, CALIFORNIA Page 115
‘ ROCKET FEED CONTROL SYSTEM Eng. No. 22

EXIT NOZZLE CONTROL SYSTEM

AREA PEAK
—_—mree—e—e—el HOL.DING . ACTUATION |_! EXIT
CONTROLLER SYSTEM NOZZLE

FLOW RATE

AEROTHERMODYNAMICS [

The exit nozzle control system is designed to meximize the combination of exit nozzle
area and air flow rate by modulating the exit nozzle throat area. A signal proportional
to air flow rate and exit nozzle area is introduced at the peak holding controller which
signals the actuation system to modulate the exit nozzle actuator to maximize, or peak,
the product of throat area and air flow rate.

FUEL CONTROL SYSTEM

¢ INPUT
b o
AIRFLOW EQUIVALENCE | FUEL FUEL
SENSOR COMPUTER "?f * CONTROLLER
ACTUAL
FUEL
FLOW
RATE FUEL
FLOW [(e—
SENSOR

The fuel control system is a closed loop control system which senses the air flow rate
through the engine and modulates the fvel flow rate to maintain a reguired fuel alr
ratio (@). A signal proportional to air flow is applied at the equivalence computer
which generates a command for the required fuel flow rate. This signal is compared
against a fuel flow rate feedback signal generating the error signal which is applied
at the fuel controller. The fuel controller will then modulate the fuel flow until the
error is nulled.
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Eng. No. 22-

VEHICLE DESIGN - SCRAMIACE, ENGINE NO. 22

This figure shows the final Class 2 vehicle design utilizing ScramlACE
engines. This lifting body vehicle wes determined to be substantially
superior in performance to the other vehicle types considered.

The 1lifting body shown features high slenderness ratlo, elimination

of the second stage base drag through submergence, and attainment of
stabilizing surface at low unit weight. The vehicle incorporates an
aft hydrogen tank and a propulsion package consisting of six engine
modules of 173,000-1b thrust each (1.038 T/W), with a 408-£t2 total
capture area. A vehicle affixed nozzle contour is effected to
accommodate the supersonic combustion mode. The system second-stage
gross weight is 397,573 pounds for Mach 10 cut-off conditions (payload maximum).

The 1lifting-body configuration employs a modified conical fuselage
where the forebody is a blunted cone with a depth-to-width ratio of
0.4 at any station. Maximum cross section of the fuselage is at T3
percent of the body length, as measured from the virtual nose (apex).
The fuselage nose radius is one foot, and the body planform area is
13,612 fte. ‘

The horizontal stabilizer has a leading edge sweep of 65 degrees, and
an area of 2612 f£t2. The airfoil section is double wedge, with a
two-inch leading edge radius. The movable horizontal control surfeces
comprise 2000 £t2. The horizontal conirol surfece rotates against the
vertical stabilizer with forward extending dorsal fins, to alleviate
the thermal problem associated with the sharp edges of the control
surface under high-speed deflection conditions.

The twin vertical stabilizeps have a total exposed area of 1200 ft2,
with a leeding edge radius of two inches. No toe-in is provided for
the verticals, rather, a concept of utilizing small outward rudder
deflections to load the surfaces during hypersonic operation where the
control surface lift curve slope is zero at zero deflection is pro-
posed, in order to maintain minimum vehicle drag. All panel surfaces
have a thickness ratio of 5 percent.
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INLET CAPTURE AREA
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EJECTOR MODE THRUST
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EJECTOR MODE CAPTURE AREA

NOTE: 1. CURVE REFLECTS UPPER LIMIT.
2. EJECTOR MODE CAPTURE AREA CAN EXCEED NOMINAL
INLET SIZE (SEE SUPPLEMENTARY TABULAR DATA).
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CURWRATAWN .
ENGINE 22
SUPPLEMENTARY DATA
MO WS WHX WT AO AHX AOT
ALTITUDE 0. FEET
0.50 938. 520. 1458. 21.99 12.19 34.18
0.75 1115. 520. 1635. 17.41 8.12 25.53
1.00 1348. 520. 1868. 15.77 6.08 21.85
ALTITUDE - 10000. FEET
0.60 ik, 433, 1147, 19.50 11.82 31.32
0.90 910. 520. 1430. 16.56 9.46 26.02
1.20 1231. 520. 1751. 16.79 7.09 23.88
1.40 1468. 520. 1988. 17.14 6.07 23.21
1.60 1816. 520. 2336. 18.52 5.30 23.82
ALTITUDE - 20000. FEET
0.77 562. 335. 897. 17.24 10.28 27.52
1.00 693 . Lig. 1112. 16.41 9.92 26.33
1.20 852. 520. 1372. 16.78 10.24 27.02
1.50 1191. 520. 1711. 18.75 8.19 26.94
1.80 1646. 520. 2166. 21.55 6.81 28.36
ALTITUDE - 30000. FEET
1.17 553. 327. ‘880. 16.65 9.85 26.50
1.30 640. 392, 1032. 17.27 10.58 27.85
1.4k0 T16. LLo. 1156. 17.93 11.02 28.95
1.50 8o2. 520. 1322. 18.75 12.16 30.91
1.90 1297. 520. 1817. 23.88 9.57 33.45
2.40 2345. 520. 2865. 3L.0k 7.55 41.59
ALTITUDE - 36000. FEET
1.39 sL8., 322, 870. 17.84 10.48 28.32
1.50 622. 385. 100T7. 18.75 11.61 30.36
1.60 700. L26. 1126. 19.75 12.02 31.77
1.70 T789. L78. 1267. 20.94 12.69 33.63
2.00 1138. 520. 1658. 25.64 11.72 37.36
2.40 18L42. 520. 2362. 34 .49 9.7 L4 .23
2.80 300k . 520. 352k . 48.03 8.31 56.3L
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CURPIRATNN

ENGINE 22 CONT'D.

SUPPLEMENTARY DATA

MO WS WHX WT AQ ARX AQT

ALTITUDE - LOOOO. FEET

1.52 525. 317. 8h2, 18.92 11.42 30.34
1.65 61k . 373. 987. 20.32 12.34 32.66
1.85 782. L78. 1260. 23.08 14 .11 37.19
2.00 gko. 520. 1460. 25.64 14.18 39.82
2.50 1738. 520. 2258. 37.76 11.30 49.06
3.00 3126.° 520. 3646. 56.34 9.37 65.7L

ALTITUDE - 50000. FEET

1.86 L90. 292. 782. 23.22 13.84 37.06
2.00 583. 3L7. 930. 25.6k4 15.26 L0.90
2.10 659. 385. 104k, 27.61 16.13 L3.7h
2.20 Th6. 436. 1182. 29.80 17.42 47.22
2.50 1077. 520. 1597. 37.76 18.23 55.99
3.00 1937. 520. 2ksT, 56.34 15.12 T1.46
ALTITUDE - 60000. FEET
2.19 Ls7. 255. T12. 29.57 16.50 46.07
2.25 492, 281. T73. 30.98 17.69 48.67
2.35 556. 304, 860. 33.51 18.32 51.83
2.40 591. 329. 920. 34 .87 19.41 54 .28
2.70 848. kag. 1277. L4 .33 22.43 66.76
3.00 1201. 520. 1721. 56.34 24 .39 80.73

ALTITUDE - TOCQOO. FEET

2.53 L30. 203. 633. 38.79 18.31 57.10
2.60 L66. 225. 691. 40.91 19.75 60.66
2.70 525. 256. 781. 4L .33 21.62 65 .95
2.80 590. 294, 88k, 48.04 23.94 71.98
2.90 663. 326. 989. 52.03 28.58 77.61
3.00 743, 347, 1090. 56.34 26.31 82.65
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Eng. No. 22

RAMJET SPECIFIC IMPULSE

SUBSONIC COMBUSTION
NO PRESSURE FIELD
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PLOT

tefremtfmsed e
JR2S] Spey 2
-

by

i

NET JET SPECIFIC IMPULSE, [bf/lbm/sec

o33
2000 k5 :
= 1
oy gor
jSutt o4 b o4
i 48 iees 5N
iSest gupsiiss o
R SST) T STy spzet Shaes SE)
> [ESE EREEE ERRe ot b rhe
s T
1s snihniin I Eees SHES
1600 i;_” Seels soeto ] '1.‘ 23 " “.’_Eif:' .i":;.:' ";:: 1?;2

3 4 5
FLIGHT VELOCITY, 1000 ft/sec

] | ] J
0 0.5 1.0 1.5 2.0

FLIGHT VELOCITY, 1000 m/sec




Report 25,194
Volume 7

ar Uardf VAN NUYS, CALIFORNIA . Page 134
el [

NET JET THRUST, million newtons

XIRPORATION

Eng. No. 22
RAMIJET THRUST

SUBSONIC COMBUSTION
NO PRESSURE FIELD
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CURMORATION
RAMJET SPECIFIC IMPULSE Eng. No. 22
SUBSONIC COMBUSTION
EFFECT OF PRESSURE FIELD
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NET JET THRUST, million newtons
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RAMIJET THRUST

SUBSONIC COMBUSTION

EFFECT OF PRESSURE FIELD
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Eng. No. 22

RAMJET SPECIFIC IMPULSE

SUPERSONIC COMBUSTION

NO PRESSURE FIELD
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LURPURATION
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CORPIRATAON

RAMIJET SPECIFIC IMPULSE
SUPERSONIC COMBUSTION

EFFECT OF PRESSURE FIELD

TRAJECTORY b

Eng. No. 22
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CORPORATION
Eng. No. 22
RAMIJET THRUST
SUPERSONIC COMBUSTION
EFFECT OF PRESSURE FIELD
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. Eng. No. 22

SUMMARY: SENSITIVITY ANALYSIS - BASES

The performance data shown in the present report, as well as in the
Class O and 1 engine documentation (References 1 and 2), was computed
on the basis of a singular set of internal compcnent efficiencies, as
well as stated operating points (e.g., design mass flow ratio, WS/WP).
Component sensitivity studies were conducted as a major effort within
the Class 2 study phase. The bases for the analysis are given here,
followed immediately by the results.

The approach used was to define baseline performance, specific impulse
and thrust (both net jet), for a reference trajectory. This was
accomplished for each of the engine's operating modes over the normal
range of flight velocities for that mode. It is appropriate here, to
comment to the point that sensitivity studies of trajectory effects,
per se, are already intrinsic in the previously displayed performance
maps.

Proceeding from this basis of specific impulse and thrust discrete
trends, each of the important engine variables was perturbed from the
baseline value, e.g., afterburner combustion efficiency: Baseline

value - 0.95, sensitivity excursions - 0.90 and 1.00. All of the remain-
ing variables were essentially held at the baseline, or nominal value.
Any exception to this resulted from the engine performance computer
program's automatic compensation characteristics which, in some instances
"retunes" some of the engine internal variables. The extent and impli-
cations of this situation are covered in the main technical report
(Reference 3).

This section presents the following bases for the sensitivity analysis
results to be given subsequently:

1. Reference trajectories
2. Baseline specific impulse (on reference trajectory)
3. Baseline thrust (on reference trajectory)

L. Ranges of sensitivity variables, with reference to the baseline
values (both curve and tabular presentation)
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REFERENCE TRAJECTORY
SENSITIVITY 'ANALYSIS

SUBSONIC COMBUSTION MODES

Eng. No. 22
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REFERENCE TRAIJECTORY
SENSITIVITY ANALYSIS
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BASELINE SPECIFIC IMPULSE
EJECTOR MODE
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Eng. No. 22

BASELINE THRUST
EJECTOR MODE
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BASELINE SPECIFIC IMPULSE
SUBSONIC COMBUSTION RAMIET
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Eng. No. 22
BASELINE THRUST
SUBSONIC COMBUSTION RAMIET
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BASELINE SPECIFIC IMPULSE
SUPERSONIC COMBUSTION RAMIET
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SENSITIVITY ANAIYSIS RANGES

Ejector Mode:

Inlet - Pressure recovery, Pte/Pto
Heat Exchanger

Equivalence ratio, d’ HX

Equivalence ratio, ¢ X
Primary

Equivalence ratio, qb

Combustion efficiency, n o¥

Nozzle efficiency, M y
Mixer - Mixing efficiency, /Y]
Afterburner

Equivalence ratio, d) AB

Equivalence ratio, ¢ AB

Combustion efficiency, Mne
Exit

Nozzle efficiency, MTx

Exit area ratio, Ag/As

gubsonic Combustion Ramjet:

Inlet - Pressure recovery, Pte/Pto
Combustor

Equivalence ratio, 4’

Combustion efficlency, L
Exit

Nozzle efficiency, Ny

Exit area ratio, Ag/As

Supersonic Combustion Ramjet:

Inlet - Pressure recovery, Pt2/Pto
Combustor
Equivalence ratio, ¢

combustion efficiency, .
Exit
Nozzle efficiency, n N

Exit/Capture area ratic, Ag/ho

L

Base-l
line Range

Figure E

Figure F
Figure G

1.00 1.10 0.90
0.975 1.00 0.92
0.98 1.00 0.95
0.80 1.00 0.50

rigure E
Figure I

0.95 1.00 0.85

0.98 1.00 0.95
Figure J

Figure E

1.00 1.50 0.50
0.95 1.00 0.85

0.98 1.00 0.95
Figure K

Figure L

1.00 0.75
0.95 0.9

0.50
0.85

0.98 1.00
1.50 k.00

0.96
1.00
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Figure F

HEAT EXCHANGER EQUIVALENCE RATIO, d)HX
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HEAT EXCHANGER EQUIVALENCE RATIO
SENSITIVITY ANALYSIS RANGE
EJECTOR MODE
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Figure G HEAT EXCHANGER EQUIVALENCE RATIO
SENSITIVITY ANALYSIS RANGE

EJECTOR MODE

EFFECT OF INLET PRESSURE RECOVERY ON ¢
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Figure H AFTERBURNER EQUIVALENCE RATIO
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AFTERBURNER EQUIVALENCE RATIO, d)AB
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Figure J EXIT NOZZLE AREA RATIO
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NOZZLE EXIT AREA RATIO, A6/A5
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EXIT NOZZLE AREA RATIO
SENSITIVITY ANALYSIS RANGE
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INLET PRESSURE RECO VERY
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CURRATION Eng. No. 22

SENSITIVITY ANALYSIS - RESULTS

For the reference conditions stated in the previous section, resulting
specific impulse and thrust perturbations are presented here. Performance
is normalized to the baseline trends given over the appropriate flight
velocity ranges.

The specific impulse and thrust data are both displayed on individual sheets
for each sensitivity variable. On the same sheet, a miniature plot of the
absolute specific impulse and thrust baseline characteristic is shown for
nominal reference purposes. For precise readings, the full-sized curve
appearing previously (its page number is indicated) should be referred to.

The section concludes with a plot reflecting subsystem weight variations
on uninstalled engine thrust/weight ratio.
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